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To test the relation between the defibrillation threshold and the 
upper limit of vulnerability, the shock strength associated with 
50% probability of successful defibrillation (DFT 50) and that 
associated with 50% probability of reaching the upper limit of 
vulnerability (UL V 50) were determined in 20 open chest dogs with 
use of the delayed up-down method, with pacing drive cycle 
lengths of 150 to 500 ms and either single 6-ms shocks (10 dogs) or 
12-ms biphasic shocks (10 dogs) given at the mid-upslope, peak 
and mid-downslope of the T wave of electrocardiographic lead II. 
The shocks were given by means of a patch-patch configuration on 
the anterior and posterior surfaces of the heart, which was paced 
from a stimulating electrode attached to the left ventricular apex. 
Analysis of variance showed no statistically significant differ-
ences in UL V 50 as determined with different pacing cycle lengths. 
For monophasic shocks, DFT50 (331 ± 66 V or 5.8 ± 2.7 J) was 
not significantly different from UL V 50 determined at the mid-
upslope of the T wave (318 ± 64 V or 5 ± 2 J). The correlation 
coefficients between the two values were 0.74 (p = 0.014) for 
voltage and 0.67 (p = 0.034) for energy. In contrast, DFT50 was 
significantly higher than UL V 50 as determined at the peak of the 
Since its invention (1 ,2), > 18,000 automatic implantable 
defibrillators have been implanted in patients at high risk of 
sudden cardiac death (V ollhaber J, Cardiac Pacemakers 
Inc., personal communication). The efficacy of this device in 
preventing sudden cardiac death has been well documented 
(3). To ensure adequate placement of the epicardial patch 
electrodes, ventricular defibrillation threshold testing is rou-
tinely performed during the implantation (4). To test the 
defibrillation threshold, it is necessary to induce ventricular 
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T wave (219 ± 43 V or 2.3 ± 1 J) and mid-downslope of the 
T wave (200 ± 38 V or 1.9 ± 0.9 J). In three dogs, ventricular 
fibrillation could not be induced at the mid-downslope of the 
T wave with any baseline pacing (S1) cycle length. 
For biphasic shocks, DFT 50 (285 ± 53 V or 4 ± 1.5 J) was not 
significantly different from ULV 50 as determined at the mid-
upslope of the T wave (293 ± 54 V or 3.9 ± 1.2 J). The correlation 
coefficients between the two values were 0.90 (p < 0.001) for 
voltage and 0.82 (p = 0.004) for energy. In contrast, DFT50 was 
significantly higher than UL V 50 determined at the peak of the 
T wave (208 ± 31 V or 1.9 ± 0.5 J) and mid-downslope of the 
T wave (180 ± 16 V or 1.7 ± 0.8 J). In six dogs, ventricular 
fibrillation could not be induced at the mid-downslope of the 
T wave with any S1 cycle length. 
It is concluded that with either monophasic or biphasic shocks, 
DFT 50 can be accurately estimated by UL V 50 as determined at the 
mid-upslope of the T wave. Altering the baseline pacing cycle 
length does not affect this relation. 
(]Am Coli Cardiol1991;18:1555-63) 
fibrillation, which results in complete circulatory arrest until 
successful defibrillation occurs. Afterward, a waiting period 
of l to 5 min (average 2) is used in most centers before the 
next fibrillation-defibrillation episode is initiated (4). Al-
though defibrillation threshold testing is a relatively safe 
procedure, serious complications have been reported (5). 
The waiting period between successive fibrillation-
defibrillation episodes also prolongs the surgical procedure. 
Thus, most centers do not perform enough episodes of 
defibrillation testing to accurately determine the defibrilla-
tion threshold (4). 
It would be highly desirable to be able to accurately and 
rapidly estimate the defibrillation threshold without induc-
tion of repeated episodes of ventricular fibrillation. One 
possible method to achieve this goal is the use of the upper 
limit of vulnerability (6-9) to predict the defibrillation thresh-
old. It is known that a vulnerable period exists in the cardiac 
cycle (6). During this vulnerable period, a single premature 
stimulus of appropriate strength can induce ventricular fi-
brillation. The weakest stimulus strength that can induce 
0735-1097/91/$3.50 
1556 CHEN ET AL. 
DEFIBRILLATION AND VULNERABILITY 
ventricular fibrillation is the lower limit of vulnerability or 
the ventricular fibrillation threshold (10). If the stimulus 
strength is gradually increased until a critical value is 
reached, the ventricle will again become nonvulnerable (6). 
This value is the upper limit of vulnerability. Subsequent 
studies (7-9) showed that this upper limit of vulnerability 
correlates closely with the defibrillation threshold. How-
ever' it is not practical to use the upper limit of vulnerability 
to estimate the defibrillation threshold in humans with the 
methods described in these previous reports (7-9) because 
the techniques require shocks to be given throughout the 
cardiac cycle at various energy levels. Excessive numbers of 
shocks at close intervals can result in myocardial damage 
(II) and at the very least can be time-consuming and thus 
prolong surgery. These previous studies (7-9) also did not 
investigate the effects of baseline pacing (S 1) cycle length on 
the upper limit of vulnerability determination. It is possible 
that when the S1 cycle length changes, the correlation will 
also be altered. In addition, the effects of shock waveforms 
on the correlation between the upper limit of vulnerability 
and the defibrillation threshold have not been investigated. 
Before upper limit of vuinerability testing can be em-
ployed clinically to estimate the defibrillation threshold, it 
must be determined whether I) such testing can be per-
formed without scanning the entire electrical diastole with 
high energy shocks, 2) changing the S1 pacing cycle length 
will affect the results of such testing, and 3) the relation 
between the upper limit of vulnerability and the defibrillation 
threshold is waveform dependent. 
Methods 
Surgical preparation. Twenty adult mongrel dogs were 
anesthetized with 25 to 35 mg/kg body weight of sodium 
pentobarbital (12, 13), intubated and ventilated with room air 
by a Harvard respirator (Harvard Apparatus). An arterial 
line was inserted into the femoral artery to continuously 
monitor blood pressure. Blood was periodically drawn to 
determine the pH, partial pressure of oxygen (Po2), partial 
pressure of carbon dioxide (Pco2), base excess and bicar-
bonate concentrations. Esophageal temperature was moni-
tored and maintained at 36° to 37°C by heating the table with 
warm circulating water. Surface electrocardiographic (ECG) 
leads I, II, III, a VR, a VL, a VF and V 6 were recorded 
simultaneously by a computerized mapping system (BARD 
Electrophysiology) and displayed on a multichannel oscillo-
scope throughout the study. 
The chest was opened through a medium sternotomy and 
the heart suspended in a pericardia! cradle. Two patch 
defibrillation electrodes with an active surface area of 
13.5 cm2 (Cardiac Pacemakers Inc.) were sutured to the 
anterior and posterior surfaces of the ventricles. A platinum 
pacing electrode was attached to the epicardium of the left 
ventricular apex for unipolar cathodal S1 stimulation, with 
the anode on the chest wall. The same pacing site was used 
for all dogs. The epicardium was kept moist with normal 
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saline solution. The sinoatrial node was crushed to slow the 
intrinsic heart rate. After the study protocol was completed, 
the dogs were killed with an overdose of pentobarbital and 
the heart was excised and weighed. 
The pacing stimulator and defibrillator. A personal com-
puter was used to control a Coulbourn SMP-300 multichan-
nel stimulator (Coulbourn Instruments), which drives con-
stant current stimulation isolation units (Bloom) to give 5-ms 
stimuli at twice cathodal diastolic threshold as the S 1• 
Another channel of the SMP-300 stimulator was used to 
deliver a premature stimulus (S2) at predetermined S1S2 
coupling intervals. The S2 was used as an external signal to 
trigger the delivery of high voltage truncated exponential 
electric shocks with variable tilt by means of an HSV -02 
defibrillator (Ventritex) to the epicardial patch electrodes for 
the induction of ventricular fibrillation. Leading edge volt-
age, delivered energy and resistance of the shock were 
displayed on the defibrillator immediately after each shock 
was delivered. Current output was not measured. Once 
ventricular fibrillation was induced, the defibrillator was 
switched to the asynchronous mode to attempt defibrillation 
in 15 to 20 s. 
Study Protocol for Monophasic Shocks 
Pacing cycle length. Ten dogs were studied in this proto-
col. Three S1 cycle lengths were tested (150, 300 and 
500 ms). The 150-ms cycle length was chosen because it was 
the shortest ventricular capture cycle length that could be 
achieved in the first dog studied. However, in subsequent 
studies, an S1 cycle length of 150 ms did not always result in 
stable l: l ventricular capture. In other dogs, it resulted in 
ventricular fibrillation by S1 pacing alone. In these dogs, a 
cycle length of 200 ms was used to represent the shortest S1 
cycle length for that dog. If ventricular fibrillation was 
induced by 200-ms cycle length baseline pacing, only 300 and 
500 ms were used as the baseline pacing cycle length. The 
500-ms cycle length was chosen because after crushing the 
sinus node, the intrinsic junctional or atrial escape rhythm 
usually had a minimal cycle length near 500 ms. Pacing at 
longer cycle lengths resulted in competition between the 
intrinsic rhythm and the ventricular paced rhythm. 
Shock synchronization (Fig. 1). A random number list 
generated by SYST AT (14) was used to decide which of the 
three S 1 cycle lengths was to be used first, second and last to 
test the upper limit of vulnerability. After testing the ven-
tricular pacing threshold, S1 output was set at twice cathodal 
threshold. A baseline pacing train consisting of ll beats (S 1s) 
was given and the T wave of the last paced beat was 
analyzed manually to determine the time from the beginning 
of the last S 1 stimulus to the beginning, peak and end of the 
T wave. The peak and end of the T wave were usually well 
defined. However, with shorter pacing cycle lengths such as 
150 or 200 ms, the beginning of the T wave might not be 
discrete, appearing to be simultaneous with the end of the 
QRS complex. In that situation, the J point (the end of the 
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Figure 1. Determining the time of shock. The S1 stimulus artifact is 
followed by a QRS complex and aT wave registered by electrocar-
diographic (ECG) lead II. Point A is the time of the onset of the S1 
stimulus artifact. Points B, C and D represent the time of the onset, 
peak and end of the T wave, respectively. The length in ms of 
sections AB, AC and AD is then determined by the mapping system. 
QRS complex) was chosen as the beginning of the T wave. If 
a discrete J point was not clearly seen, the time of changing 
slope between the terminal QRS complex and the ST-T 
waves was used as the beginning of the T wave. The 
mid-upslope of the T wave was determined to be halfway 
between the beginning and peak of the T wave, and the 
mid-downslope halfway between the peak and end of the 
T wave. To give a shock at the mid-upslope of the T wave, 
the S1S2 coupling interval was set to (AB + AC)/2 (Fig. 1). 
To give a shock at the peak of the T wave, the S1S2 interval 
was set to AC. To give a shock at the mid-downslope, the 
S1S2 interval was set to (AC + AD)/2 (Fig. 1). 
The "delayed up-down algorithm." This algorithm (15) 
was used to determine the shock strength associated with 
50% probability of reaching the upper limit of vulnerability 
(UL V 50) and that associated with 50% probability of suc-
cessful defibrillation (DFT 50). The up-down algorithm 
started by giving the first shock at a strength estimated to 
yield 50% successful defibrillation. If this initial shock was 
unsuccessful, the shock strength was increased by a certain 
8 value for the next shock. If a shock was successful, the 
shock strength was decreased by the same 8 value for the 
next shock. This process was continued until four shocks 
were delivered and one shock strength was projected but not 
delivered. The five shock strengths were then averaged for 
the threshold estimate. 
This up-down algorithm is accurate only when the a priori 
estimates are good. The accuracy is significantly reduced for 
the poor a priori estimate of DFT50• This problem can be 
overcome by the "delayed four-episode, up-down algo-
rithm.'' This algorithm does not start counting the four 
required observations until the first reversal in response. 
With this procedure, the accuracy of determining DFT50 is 
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greatly improved because it does not depend on the accuracy 
of the a priori estimate of initial shock strength. Increasing 
the number of episodes required in the up-down algorithm 
also increases the precision of the estimate (15). 
Ventricular fibrillation induction and ULV 50 determina-
tion. The shock strength associated with a 50% probability 
of reaching the upper limit of vulnerability (UL V 50) was 
determined by the delayed up-down algorithm. Starting at 
the mid-upslope of the T wave, a shock was given with an 
estimated energy of 5 J. Recordings were acquired during the 
shock to document that the shock actually fell on the 
mid-upslope of the T wave of the last paced beat. The timing 
of the shocks was then rechecked at least twice during the 
study to determine the stability of the T waves. If the timing 
of the peak of the T wave had changed, the upper limit of 
vulnerability was redetermined. Depending on whether or 
not ventricular fibrillation was induced, subsequent shocks 
were given with an estimated energy of 1 J higher or lower, 
respectively, than the previous shock energy until the oppo-
site result was observed. The lowest shock that did not 
induce ventricular fibrillation was used as the first data point. 
All shocks that did not induce ventricular fibrillation were 
separated by 20 s. The up-down algorithm was then contin-
ued until a total of approximately 12 shocks were given. The 
UL V 50 was determined by averaging all shock strengths 
inclusive of the first data point and last shock. Shocks given 
before the first data point were excluded from analysis. 
The stimulator was then reprogrammed so that the shock 
was delivered at the peak of the T wave for approximately 12 
shocks and at the mid-downslope of the T wave for approx-
imately 12 shocks. The next S1 cycle length was then used 
and the procedure repeated until the mid-upslope, peak and 
mid-downslope of all three S1 cycle lengths were tested. 
Ventricular fibrillation termination and the DFT50 deter-
mination. Ventricular fibrillation was induced as a part of 
the upper limit of vulnerability testing just described. Once 
ventricular fibrillation was induced, the shock strength as-
sociated with 50% probability of successful defibrillation 
(DFT50) was determined with 6-ms monophasic shocks using 
the delayed up-down algorithm. The first defibrillation shock 
was 5 J for each dog. In subsequent episodes, the shock 
energy was increased by 1 J after failures or decreased by l 
J after successes until the opposite results were observed. 
The weakest shock that successfully defibrillated the heart 
was used as the first data point. The up-down algorithm was 
then continued until the end of the study. The DFT50 was 
determined by averaging all shock strengths delivered inclu-
sive of the first data point and last shock. Shocks before the 
first data point were excluded from the analysis, as were 
rescue shocks delivered after failed defibrillation attempts. 
All fibrillation-defibrillation episodes were separated by 
:::::5 min. 
Study protocol for biphasic shocks. Ten dogs were studied 
in this protocol. The same procedures were followed to 
determine the shock strength associated with 50% probabil-
ity of reaching the upper limit of vulnerability (UL V 50) and 
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that associated with 50% probability of successful defibril-
lation (DFT 50), with two alterations. One alteration was that 
the shocks used to test the upper limit of vulnerability (UL V) 
and defibrillation threshold (DFT) were 12-ms single capac-
itor biphasic shocks instead of 6-ms monophasic shocks. The 
biphasic waveform was generated by a 6-ms positive polarity 
truncated exponential waveform followed by 6-ms negative 
polarity truncated exponential waveform. Leading edge volt-
age of the second phase was half the residual value of the 
first phase. 
In the second alteration of the protocol, to increase the 
dispersion of the shock strengths so as to test the correla-
tion, we modified the defibrillation patch electrodes in six 
dogs, making the patches smaller by covering two thirds of 
the surface of the anterior patch and half of the surface of the 
posterior patch with Silastic sheets. Because the smaller 
electrodes were associated with a higher defibrillation 
threshold (16), we hoped that this alteration would result in 
a higher defibrillation threshold and upper limit of vulner-
ability and increase the dispersion of the data. 
Data analysis. All statistical analyses were performed 
with SYSTAT (14). Analysis of variance was used to com-
pare the shock strength associated with 50% probability of 
reaching the upper limit of vulnerability (UL V 50) obtained at 
three different S1 cycle lengths. A probability :s:0.05 was 
considered significant. 
As will be presented in the Results section, analysis of 
variance showed that UL V 50 as determined at three different 
cycle lengths was not different. Thus, ULV 50 was reana-
lyzed by pooling together the upper limit of vulnerability as 
determined at the different cycle lengths. For ULV 50 at the 
mid-upslope, for example, all data points inclusive of the 
first data point and last shock for all three sl cycle lengths 
were pooled and averaged to obtain UL V 50 for each dog. 
The same applies to UL V 50 at the peak and mid-downslope. 
To compare the shock strength associated with 50% proba-
bility of successful defibrillation (DFT50) and ULV50 as 
determined at the mid-upslope, peak and mid-downslope, 
t tests were performed. According to the Bonferroni proce-
dure for multiple comparison (17), the probability of the 
individual test must be ::s0.017 (0.05 divided by 3) to be 
significant. If the mean values were not significantly dif-
ferent, the Pearson correlation coefficient was calculated and 
the SEE was determined by simple linear regression analy-
SIS. 
Results 
Monophasic shock protocol. The body weight of the lO 
dogs studied in the monophasic shock protocol averaged 24 
± 5 kg and heart weight 173 ± 31 g. In two dogs, the 150-ms 
S1 cycle length induced ventricular fibrillation during pacing. 
In three dogs, stable 1:1 ventricular capture could not be 
achieved. In these five dogs a 200-ms S1 cycle length was 
used and stable pacing was achieved in each dog. During 
statistical analysis, the 150- and 200-ms cycle lengths were 
ECG II 
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Figure 2. Induction of ventricular fibrillation by a shock synchro-
nized to the upslope of the T wave on the electrocardiogram (ECG). 
The S1S1 interval is 500 ms and the S1S2 interval 200 ms. S2 is a 
biphasic shock, with a shock strength of 360 V (4.8 J) and a 
resistance of 132 n. 
analyzed as one group because they were the shortest 
possible pacing cycle lengths for each dog. The interval from 
the last S 1 to the time of shock during the upper limit of 
vulnerability testing was as follows. For an S1 cycle length of 
150 or 200 ms, the interval to the mid-upslope, peak and 
mid-downslope of the T wave was 168 ± 17, 199 ± 24 and 
227 ± 24 ms, respectively. For an S1 cycle length of 300 ms, 
the interval was 184 ± 14, 230 ± 17 and 255 ± 22 ms, 
respectively. For an S1 cycle length of 500 ms, the interval 
was 211 ± 24, 250 ± 25 and 281 ± 26 ms, respectively. 
Biphasic shock protocol. The body weight of the 10 dogs 
studied in the biphasic shock protocol averaged 22 ± 3 kg 
and the heart weight 176 ± 38 g. In three dogs, the 150-ms S1 
cycle length induced ventricular fibrillation during pacing. In 
five dogs, stable 1:1 ventricular capture could not be 
achieved. In these eight dogs pacing was attempted with a 
200-ms S 1 cycle length, but stable pacing was achieved in 
only seven; one dog had ventricular fibrillation even during 
pacing with an S1 cycle length of200 ms and in this dog, only 
300- and 500-ms cycle lengths were tested. During statistical 
analysis, the 150- and 200-ms cycle lengths were also ana-
lyzed as one group. The interval from the last S1 to the time 
of shock during upper limit of vulnerability testing was as 
follows. For an S1 cycle length of 150 or 200 ms, the interval 
to the mid-upslope, peak and mid-downslope of the T wave 
was 174 ± 15, 211 ± 18 and 238 ± 22 ms, respectively. For 
an S1 cycle length of 300 ms, the interval was 203 ± 16, 242 
± 22 and 267 ± 21 ms, respectively. For an S1 cycle length 
of 500 ms, the interval was 222 ± 22, 263 ± 22, 290 ± 21 ms, 
respectively. 
Figure 2 shows an example of induction of ventricular 
fibrillation by a biphasic shock synchronized to the mid-
upslope of the T wave. The S 1 cycle length was 500 ms and 
the S1S2 interval 200 ms. A defibrillation shock was then 
given approximately 15 to 20 slater to attempt defibrillation 
and test the defibrillation threshold. 
The stability of the T waves was rechecked during the 
study. In five dogs in the monophasic shock protocol and in 
three dogs in the biphasic protocol, the peak of the T wave 
shifted 14 ± 7 ms (range 7 to 23) during the study, requiring 
repeat determination of the upper limit of vulnerability. 
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Table 1. Effects of Pacing Rate on the Upper Limit of 
Vulnerability Testing* 
S1 Cycle Length (ms) 
150 or 200 300 
Monophasic Shocks 
ULV50 mid-upslope 325 ± 55 V; 315 ± 81 V; 
5.1 ± 1.91 4.9 ± 2.5 J 
(n = 10) (n = 10) 
ULV50 peak 238 ± 69 V; 202 ± 62 V; 
2.9 ± 1.9 J 1.9 ± 1.2 J 
(n = 10) (n = 9t) 
UL V 50 mid-downslope 217 ± 35 V; 167 ± 22 V; 
2.2 ± 0.9 J 1.2 ± 0.2 J 
(n = 6t) (n = 4t) 
Biphasic Shocks 
UL V 50 mid-upslope 305 ± 86 V; 257 ± 60 V; 
4.1 ± 2 J 3 ± 1.4 J 
(n = 9*) (n = 10) 
ULV50 peak 218 ± 47 V; 194 ± 47 V; 
2.1 ± 0.9 J 1.8 ± 0.8 J 
(n = 9*) (n = 10) 
UL V 50 mid-downslope 172 ± 16 V; 179 V; 
1.1 ± 0.1 J 1.6 J 
(n = 2t:j:) (n = It) 
500 
313 ± 75 V; 
4.7 ± 2.2 J 
(n = 10) 
197 ±50 V; 
1.8 ± 0.9 J 
(n = 10) 
188 ± 5 V; 
1.4 ± 0.1 J 
(n = 2t) 
314 ± 56 V; 
4.3 ± 1.5 J 
(n = 10) 
208 ± 26 V; 
1.8 ± 0.4 J 
(n = 10) 
198 V; 
2.9 J 
(n =It) 
*p = NS for all data. tThe difference between this value and I 0 is due to 
the inability to induce ventricular fibrillation by shocks in some dogs. *In one 
dog, ventricular fibrillation was induced during baseline S 1 pacing alone at 
either a 150- or 200-ms cycle length. Thus, the upper limit of vulnerability 
could not be tested in this dog at these cycle lengths. ULV 50 = the shock 
strength associated with 50% probability of reaching the upper limit of 
vulnerability. 
Effects of pacing rate on upper limit of vulnerability (UL V) 
testing (Table 1). For monophasic shocks, the shock 
strength associated with 50% probability of reaching the 
upper limit of vulnerability (UL V 50) of each S 1 cycle length 
at each of the three different shock times was determined by 
averaging the strength of 11 ± 2 shocks (range 6 to 18). For 
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biphasic shocks, the ULV 50 of each S1 cycle length at each 
of the three different shock times was determined by aver-
aging the strength of 10 ± 2 shocks (range 6 to 15). These 
numbers were larger than the four-episode minimum re-
quired by the delayed up-down algorithm (15). Analysis of 
variance was performed to compare the effects of pacing rate 
on the upper limit of vulnerability. Neither comparison 
revealed statistically significant differences. Thus, baseline 
pacing rate did not affect the upper limit of vulnerability 
determination. Because of this, we reanalyzed the data by 
pooling together the upper limit of vulnerability at different 
pacing rates. Thus, for each dog, there was only one shock 
strength associated with 50% probability of successful de-
fibrillation (DFT 50), which was compared with UL V 50 at the 
mid-upslope, peak and mid-downslope of the T wave. 
Monophasic shocks. An average of 35 ± 7 defibrillation 
episodes per dog (range 23 to 44) was used to determine the 
shock strength associated with 50% probability of successful 
defibrillation (DFT50). The number of shocks per dog used to 
determine the shock strength associated with 50% probabil-
ity of reaching the upper limit of vulnerability (UL V 50) at the 
mid-upslope, peak and mid-downslope of the T wave was 
35 ± 4 (range 29 to 43), 29 ± 3 (range 25 to 35) and 15 ± 8 
(range 7 to 25), respectively. These values were much larger 
than the four-episode minimum required by the up-down 
method (15). 
The DFT50 voltage was 331 ± 66 V, which was not 
significantly different from the ULV 50 voltage of 318 ± 64 V 
at the mid-upslope (n = 10, p = 0.418), but significantly 
higher than the ULV 50 voltage of 219 ± 43 V at the peak 
(n = 10, p < 0.001) and 200 ± 38 V at mid-downslope (n = 
7, p = 0.001) of the T wave. The correlation coefficient 
between DFT 50 and UL V 50 as determined at the mid-
upslope of the T wave was significant (r = 0.74, p = 0.014) 
(Fig. 3A). 
The DFT50 energy level was 5.8 ± 2.7 J, which was not 
significantly different from the UL V 50 energy level of 5 ± 
A. MONOPHASIC SHOCKS (VOLTS) B. MONOPHASIC SHOCKS (JOULES) 
Figure 3. Correlation between the 
shock strength associated with 
50% probability of successful de-
fibrillation (DFT50) and the shock 
strength associated with 50% 
probability of reaching the upper 
limit of vulnerability (UL V 50) of 
monophasic shocks in volts (A) 
and joules (B) at the mid-upslope 
of the T wave. 
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2 J at the mid-upslope (n = 10, p = 0.231), but significantly 
higher than the UL V 50 energy of 2.3 ± 1 J determined at the 
peak (n = 10, p = 0.001) and 1.9 ± 0.9 J at mid-downslope 
(n = 7, p = 0.003) of the T wave. The correlation coefficient 
between DFT 50 and UL V 50 as determined at the mid-
upslope of the T wave was significant (r = 0.67, p = 0.034) 
(Fig. 3B). 
Biphasic shocks with UL V 50 determined by the up-down 
method. An average of 32 ± 6 defibrillation episodes per dog 
(range 22 to 41) was used to determine the shock strength 
associated with 50% probability of successful defibrillation 
(DFT50). The number of shock episodes per dog used to 
determine the shock strength associated with 50% probability 
of reaching the upper limit of vulnerability (UL V 50) at 
the mid-upslope, peak and mid-downslope of the T wave 
was 32 ± 4 (range 23 to 36), 28 ± 4 (range 20 to 33) and 9 ± 1 
(range 8 to 10), respectively. These values are much larger than 
the four-episode minimum required by the up-down method 
(15). 
The DFT50 voltage was 285 ± 53 V, which was not 
significantly different from the UL V 50 voltage of 293 ± 54 V 
at the mid-upslope (n = 10, p = 0.365), but significantly 
higher than the UL V 50 voltage of 208 ± 31 V determined at 
the peak (n = 10, p = 0.001) and 180 ± 16 V at the 
mid-downslope (n = 4, p = 0.013) of the T wave. The 
correlation coefficient between DFT 50 and the UL V 50 as 
determined at the mid-upslope of the T wave was significant 
(r = 0.9, p < 0.001) (Fig. 4A). 
The DFT50 energy was 4 ± 1.5 J, which was not signifi-
cantly different from the UL V 50 energy of 3.9 ± 1.2 J at the 
mid-upslope (n = 10, p = 0.521), but significantly higher than 
the ULV50 energy of 1.9 ± 0.5 J at the peak (n = 10, p = 0.002) 
and 1.7 ± 0.8 J at the mid-downslope (n = 4, p = 0.016) of the 
T wave. The correlation coefficient between DFT50 and the 
UL V 50 determined at the mid-upslope of the T wave was 
significant (r = 0.82, p = 0.004) (Fig. 4B). 
3 
• • 
• 
• 
8 9 
ULV 50 at mid-upslope 
12 
Figure 4. Correlation between the 
shock strength associated with 
50% probability of successful de-
fibrillation (DFT50) and the shock 
strength associated with 50% prob-
ability of reaching the upper limit 
of vulnerability (UL V 50) of bipha-
sic shocks in volts (A) and in joules 
(B) at the mid-upslope of the T 
wave. 
Discussion 
Correlation between the upper limit of vulnerability and 
the defibrillation threshold. It has been demonstrated (6) that 
there is a vulnerable period of the cardiac cycle when a 
single premature stimulus of appropriate strength can induce 
ventricular fibrillation. However, if the stimulus strength is 
gradually increased until a critical value is reached, the 
ventricles will again become nonvulnerable (6). A similar 
phenomenon has also been observed in the atrium (18). The 
stimulus strength above which fibrillation cannot be induced 
is the upper limit of vulnerability. Other investigators (7-9) 
have demonstrated that the upper limit of vulnerability 
appears to correlate with the defibrillation threshold. More 
recent studies (19) have shown that the upper limit of 
vulnerability, like the defibrillation threshold (20), is a prob-
ability function and that the probability curves of these two 
tests in the same animal parallel each other. A potential 
clinical implication of these findings is that the upper limit of 
vulnerability could be used to predict the defibrillation 
threshold, minimizing the number of inductions of ventricu-
lar fibrillation during automatic implantable defibrillator im-
plantation. A limitation of previous studies of upper limit of 
vulnerability testing is that multiple high energy shocks were 
given to the ventricles to scan the whole vulnerable phase of 
the cardiac cycle. This would significantly increase the time 
needed for automatic implantable defibrillator implantation 
and might increase the risk of myocardial damage (11). It is 
also unknown whether the upper limit of vulnerability can 
predict the defibrillation threshold when the ventricles are 
paced at different cycle lengths. 
In this study, we demonstrated that, with either 
monophasic or biphasic shocks, the S1 pacing cycle length 
did not affect the upper limit of vulnerability testing. We also 
found that the upper limit of vulnerability can best be 
determined at the mid-upslope of the T wave. This latter 
finding is compatible with the observation of King (6) that 
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Figure 5. Determination of the shock 
strength associated with 50% probability 
of successful defibrillation (DFf50). This 
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correlation between the upper limit of 
vulnerability and the defibrillation 
threshold, a shock that fails to induce 
ventricular fibrillation (VF) can be 
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shock and a shock that induces ventric-
ular fibrillation can be treated as an un-
successful defibrillation shock. The de-
layed up-down algorithm is followed to 
determine DFT50• 
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the most vulnerable period of the cardiac cycle was at 
approximately 20% to 60% of the T wave. Because T waves 
are not symmetric, with the duration of the upslope longer 
than the downslope, 20% to 60% of the T wave usually 
includes only the upslope of the T wave. 
Shibata et al. (25) studied the phenomenon of upper limit 
of vulnerability in seven dogs. They determined the upper 
limit of vulnerability during pacing either from the atria or 
the ventricles and scanning the T wave with a shock strength 
of :520 J. Although they did not report where on the T wave 
the shock was given, in at least one dog studied, the upper 
limit of vulnerability determined with shorter QRS to shock 
coupling intervals was higher than that determined with 
longer QRS to shock coupling intervals (Table I in Ref 25). 
This result is compatible with our findings. 
Clinical implications. Our study can serve as the basis for 
future clinical trials that use the upper limit of vulnerability 
to estimate the defibrillation threshold. If future clinical 
studies confirm the relation between the upper limit of 
vulnerability and the defibrillation threshold in humans, 
intraoperative testing of the shock strength associated with 
50% probability of successful defibrillation (D FT so) could 
follow the protocol illustrated in Figure 5. A shock would be 
given at the mid-upslope of the T wave with an initial energy 
of 15 J. If 15 J induces ventricular fibrillation, the location of 
the defibrillation electrodes would be adjusted. If it fails to 
induce ventricular fibrillation, the next shocks can be given 
with 5-J decrements at 1-min intervals (11) until ventricular 
fibrillation is induced. The last shock that does not induce 
ventricular fibrillation is the first data point. The shock that 
just induces ventricular fibrillation is the second data point. 
A third shock would be given within 20 s with a strength 5 J 
higher than the second data point. The strength of this shock 
constitutes the third data point. If the third shock is unsuc-
cessful, the strength of the next shock given at the mid-
upslope of the T wave would be 5 J stronger than the third 
data point. The strength of this shock is the fourth data 
point. The fifth data point could be predicted according to 
the result of the fourth shock (15). However, if the third 
shock is successful, the next shock given at the mid-upslope 
of the T wave would be 5-J weaker. This shock strength is 
the fourth data point. The fifth data point could be predicted 
according to the results of the fourth shock (15). The average 
of these five data points is an accurate estimate of the DFT 50 
(15). With this algorithm, the DFTso can be determined with 
most patients undergoing only one or two episodes of 
ventricular fibrillation and receiving a limited number of 
shocks. 
In the experimental laboratory, the upper limit of vulner-
ability can also be used to improve the up-down algorithm of 
McDaniel and Schuder (15) because it can be used to 
estimate the DFTso• allowing researchers to choose an 
accurate starting point of the defibrillation threshold test. 
Limitations of the study. Although we demonstrated that 
the shock strength associated with 50% probability of reach-
ing the upper limit of vulnerability (UL V so) testing is best 
performed with shocks given at the mid-upslope of the 
T wave, this relation can change according to the site of S1 
stimulation. We chose the left ventricular apex as the site of 
S1 because it was usually an area without large coronary 
arteries or veins. It is technically easy to suture a temporary 
pacing wire to that area for the purpose of ventricular 
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pacing. However, because the sequence of ventricular repo-
larization is dependent on the pacing site (21-23) and patho-
logic conditions such as ventricular hypertrophy (24), the 
relation between the defibrillation threshold and the upper 
limit of vulnerability may alter when the S1 pacing site 
changes or in the setting of ventricular hypertrophy. Al-
though we did not test this possibility in the present study, 
the results of our previous study (9), with both the S1 pacing 
site and the defibrillation electrode location different from 
that in the present study, demonstrated that the mean 
interval after the last sensed ventricular depolarization to the 
time of shock that induced fibrillation at the upper limit of 
vulnerability averaged 168 ± 23 ms. This short interval 
implies that the shock most likely also occurred at the 
upslope of the T wave. Further investigations will be needed 
to confirm that the upslope of the T wave is the best time to 
test the upper limit of vulnerability regardless of the location 
of the s1 pacing site. 
In this study, ventricular fibrillation could not be induced 
at the mid-downslope of the T wave in approximately 50% of 
the dogs. There are at least two alternative explanations for 
this phenomenon. One is that both the lower and upper limits 
of vulnerability were >5 J and that a shock protocol starting 
from 5 J might therefore have missed the opportunity to 
induce ventricular fibrillation. Against this possibility is that 
in the other 50% of the dogs in which ventricular fibrillation 
was inducible, the shock strength that induced ventricular 
fibrillation at the mid-downslope of the T wave was invari-
ably lower than that which induced ventricular fibrillation at 
the mid-upslope of the T wave, a difference that was 
statistically significant. Shibata et a!. (25) determined the 
upper limit of vulnerability by scanning the T wave with 
shocks of various energy. They found no evidence that the 
upper limit of vulnerability determined with longer QRS to 
shock intervals was higher than the upper limit of vulnera-
bility determined with shorter intervals. Furthermore, none 
of the seven dogs in their study had a lower limit of 
vulnerability >5 J. 
The other explanation for the noninducibility at the 
mid-downslope of the T wave is that the lower and upper 
limits of vulnerability were close together ( < 1 J apart); our 
protocol, which used 1-J increments and decrements, might 
have missed the window to induce ventricular fibrillation. 
We do not have data to rule out this possibility. However, if 
this is the case, it appears to be a phenomenon that is 
associated primarily with shocks given at the mid-downslope 
of the T wave, which further strengthens our conclusion that 
the mid-downslope of the T wave is not the best time to test 
the upper limit of vulnerability. 
Another limitation of this study is that the relation be-
tween the upper limit of vulnerability and the defibrillation 
threshold may not be the same when other defibrillation 
electrode configurations are used. We tested only the patch-
patch electrode combination. If spring-patch electrodes are 
used, for example, the interaction between the field strength 
and the repolarization sequences may change and the time of 
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the shock that is best for the upper limit of vulnerability 
determination may also alter. 
The beginning, peak and end of the T wave were selected 
manually. One limitation of this procedure is that there will 
be interobserver variability as to when the beginning, peak 
and end of the T wave are selected. In general, the peak and 
the end of the T wave were quite well defined. The beginning 
of the T wave is sometimes difficult to determine, especially 
with an S1 pacing cycle length of 150 or 200 ms, the T wave 
appearing to begin when the QRS complex ends. In that 
situation, the J point (the end of the QRS complex) was 
chosen as the beginning of the T wave. For clinical trials, it 
may be advisable to use slower drive cycle lengths so that 
the onset of the T wave can be better defined and interob-
server variability minimized. 
Conclusions. In normal healthy dogs with baseline pacing 
performed from the left ventricular apex, the shock strength 
associated with 50% probability of successful defibrillation 
(DFT50) correlated well with the shock strength associated 
with 50% probability of reaching the upper limit of vulnera-
bility (ULV50) determined at the mid-upslope ofthe T wave. 
These results imply that UL V 50 may be useful in predicting 
DFT50 during surgical implantation of an automatic implant-
able defibrillator (AICD) without subjecting patients to a 
large number of shocks. However, further studies are re-
quired to determine if changing the pacing site or using 
different defibrillation electrode configurations will alter the 
relation between UL V 50 and DFT 50• 
We thank Douglas Lang, PhD, Richard Pavelec, BS, Amy Bloom, AHT, 
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